In this study, two types of porous zirconia and dense zirconia were used. The flexural strength of non-layered zirconia specimens and those of the layered zirconia specimens with veneering porcelain were examined. Furthermore, the shear bond strength of veneering porcelain to zirconia was examined. The flexural strength of the non-layered specimens was 1,220 MPa for dense zirconia and 220 to 306 MPa for porous zirconia. The flexural strength of the layered specimens was 360 MPa for dense zirconia and 132 to 156 MPa for porous zirconia, when a load was applied to the porcelain side. The shear bond strength of porcelain veneered to dense zirconia was 27.4 MPa and that of porcelain veneered to porous zirconia was 33.6 to 35.1 MPa. This suggests that the veneering porcelain bonded strongly to porous zirconia although porous zirconia has a lower flexural strength than dense zirconia.
INTRODUCTION
Among the dental ceramics in general use, zirconia has especially excellent flexural strength and resistance to fracture; it is an indispensable material for all-ceramic crowns and fixed partial dentures. With the advance in dental CAD/CAM systems, the machining of zirconia has become so easy that the material has come to become widely used in clinical practice 1, 2) . All-ceramic crowns and fixed partial dentures made with zirconia frames have excellent esthetics and biocompatibility, but there is some suggestion that they pose problems of fracturing and/or dislodgement of the veneering porcelain [3] [4] [5] . On the other hand, the use of pore-forming agents makes it possible to give zirconia a porous structure 6, 7) . Porous zirconia is used for a biomaterials fields such as a scaffold material in regenerative medicine 8, 9) and a fixture surface material of dental implant 10, 11) .
When veneering porcelain bonded to porous zirconia, improved strength of the bond of the veneer to the zirconia is expected because porcelain goes into the pores in the zirconia surface. Therefore, we conceived of using a CAD/CAM system to fabricate a double structured zirconia frame consisting of both dense and porous zirconia. The porous zirconia portion would be responsible for supporting the occlusal surfaces of the posteriors or the incisal edges of the anteriors, where high bond strength of the porcelain is paramount, and the dense zirconia portion for the cervical areas where flexural strength is required. Such a zirconia frame would make it possible to fabricate crowns and fixed partial dentures with fracture-resistant porcelain veneers.
In this study, porous zirconia was fabricated by giving a porous structure to yttria-stabilized zirconia and its flexural strength as well as the bond strength of porcelain veneered to porous zirconia were examined.
MATERIALS AND METHODS

Physical properties and flexural strength of porous zirconia
Commercial zirconia containing 3 mol% of yttria (Y-TZP, Tosoh Co., Tokyo, Japan) was used as the starting material for the experiment. Y-TZP which was sintered at 1,450°C for 2 h was used as a control (sample A). Two types of porous zirconia were fabricated by adding poreforming agents to Y-TZP and sintering at 1,450°C for 2 h. One, fabricated by adding plastic beads, was labeled sample B, and another made by adding corn starch was labeled sample C. The content of plastic beads or corn starch was adjusted so that porosity might be ranging from 10 to 20% based on the previous reports 6, 7) . The density and porosity of each specimen was obtained using Archimedes' method.
Each sample was cut into strips measuring 20 mm×4 mm×1.2 mm (thickness) and polished with a #800 diamond disc, to yield bending test specimens. Eight specimens of each type of sample were prepared. The specimens were subjected to a 3-point bending test, which was performed according to dental ceramic standard ISO 6872 (2008) 12) , using a universal testing machine (Autograph AG-20kNG, Shimadzu Co., Kyoto, Japan) set at a span length of 16 mm and a crosshead speed of 1.0 mm/min. In addition, the Vickers hardness of each specimen was also obtained. The Vickers hardness test was performed with an applied load of 98 N for 20 s. The surface of each specimen and the surface of a fractured area of each specimen used for the bending test were observed with an SEM.
Flexural strength of layered specimens
As in experiment 1, samples A, B and C were cut into strips measuring 20 mm×4 mm×0.6 mm (thickness) 
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In the same manner as in experiment 1, samples A, B and C were cut into plates measuring 12 mm×10 mm×1.2 mm (thickness) and polished. Using a silicone mold, a body porcelain (A3, CERABIEN ZR) was veneered 5 mm in diameter and 3 mm thick onto each Y-TZP plate, and the porcelain was fired according to the manufacturer's instructions. Eight specimens of each type of sample were prepared. Then, the specimens were subjected to a shear bond test, which was performed at a crosshead speed of 1.0 mm/min using a universal testing machine (Autograph AG-20kNG). The statistical comparison of the test results between the samples was performed using one-way ANOVA and Tukey's multiple comparison test.
RESULTS
The densities of Y-TZP samples A, B, and C were 6.09, 5.01 and 5.24 g/cm 3 , respectively. Their porosities and open porosities were 0, 18, and 14% and 0, 4 and 8%, respectively. No pores were observed on the surface of sample A under SEM observation, but spherical pores with a diameter of 30 to 50 μm were found on sample B. Sample C contained irregularly-shaped pores larger than those of sample B (Fig. 1 ).
Among the three samples, sample A demonstrated the greatest flexural strength, 1,220 MPa on average. The mean flexural strengths of sample B and C were about 25% of that of sample A (306 MPa) and about 18% of that of sample A (220 MPa) (Fig. 2) , indicating a significant difference in the flexural strengths of the three samples (p<0.01). The mean flexural modulus was 167.6 GPa for sample A, 110.7 GPa for sample B and 85.7 GPa for sample C. SEM observations of the specimens used for the bending test revealed that samples B and C had pores on their fracture surfaces, with the fracture starting at pores on the surface in the case of sample C (Fig. 3) . Vickers hardness was Hv1260 for sample A, Hv860 for sample B and Hv640 for sample C.
The mean flexural strength of the layered specimens were 360 MPa for sample A, 156 MPa for sample B and 132 MPa for sample C when the load is applied on the porcelain side (Fig. 4) . The mean flexural strength of samples B and C were about 43% and about 36 % of that of sample A, indicating a significant difference between sample A and samples B and C (p<0.01). All specimens of the three types of samples developed fractures on both sides of the Y-TZP and porcelain.
On the other hand, when the load was applied on the Y-TZP side of the layered specimens, the mean flexural strength was 43.6 MPa for sample A, 47.2 MPa for sample B and 43.2 MPa for sample C. In other words, no significant differences among the three samples The fracture starting at pores on the surface (sample C). The shear bond strengths of porous samples B and C were higher than that of dense sample A (p<0.05).
( Fig. 5 ). All layered specimens developed fractures of porcelain on the lower side of the assembly, but no fractures of Y-TZP on the upper side. SEM observations of the sectional view of each layered specimen revealed that the pores were impregnated with porcelain in both samples B and C (Fig. 6) . The mean shear bond strength of porcelain to zirconia was 27.4 MPa on average for sample A, 35.1 MPa for sample B, and 33.6 MPa for sample C (Fig.  7) . That is, the mean shear bond strengths of porous samples B and C were 23 to 28% (i.e., significantly) higher than that of dense sample A (p<0.05). All layered specimens developed fractures at the interface between Y-TZP and porcelain or in the porcelain near the interface. After the shear bond test, they were subjected to SEM observation. Sample A retained residual The residual porcelain surrounding pours is observed in samples B and C.
porcelain on some part of the Y-TZP surface. Samples B and C did not reveal as large an area of Y-TZP as sample A, but did have a thick porcelain layer in their pores (Fig. 8) .
DISCUSSION
Porous ceramics, including porous zirconia, are widely used in industry for a variety of applications, ranging from catalyst carriers to thermal insulators 13) . It is known that an increase in the content of pore-forming agent increases the porosity of the zirconia, which leads to reductions in flexural strength and modulus of elasticity 6, 14) . As an application to the human body, porous zirconia is often used as a bone tissue engineering scaffold, in combination with hydroxyapatite 8, 9) . Porous zirconia used as scaffolding usually has a porosity of more than 50% and therefore its flexural strength is not very high. However, if porous zirconia is to be used for the frames of crowns or fixed partial dentures, it must have a certain degree of flexural strength. In this study, porous zirconia was fabricated on a trial basis that had a level of porosity lower than that of the porous zirconia used for bio-scaffolds.
There are reports of the use of dental implants fabricated by coating porous zirconia on the surface of dense zirconia 10) . Zirconia dental frames are usually fabricated by milling zirconia blocks using a CAD/CAM system. However, surface coating porous zirconia onto dense zirconia requires additional work after milling, and the porous zirconia coating could be dislodged over the course of time.
It is said that all-ceramic crowns made with a highstrength frame, such as zirconia, have strong tensile stress applied to the cervical area of the frame 15, 16) . Therefore, we conceived of using CAD/CAM to fabricate a double structured zirconia frame consisting of both dense and porous zirconia. We decided to use porous zirconia for the upper part of the frame where a strong bond of porcelain to zirconia is required, and dense zirconia for the cervical area where flexural strength is paramount. We fabricated zirconia blocks of porous and dense material as a preliminary experiment and examined their physical and mechanical properties in this study.
For clinical applications, we plan to use a CAD/CAM material that is a completely sintered (not half sintered) double-layered block consisting of both porous and dense zirconia. A completely sintered block takes time to mill, but its dimensions are not affected by changes due to sintering.
In this study, both types of porous zirconia were less dense than pore-free zirconia. Sample C had a higher degree of open porosity than sample B. However, sample C was denser than sample B, probably because sample B contained more closed pores than sample C. As stated in previous reports, material like sample B, fabricated using spherical beads as the pore-forming agent, develops spherical pores 6) , whereas sample C made with cornstarch exhibited irregularly-shaped pores 7) . Sample C, as shown in Fig. 1 , had oblong pores, many of which seemed to be open pores.
Both samples B and C had far lower flexural strength and moduli of elasticity than dense zirconia sample A. If two samples are both relatively dense, in general the denser sample will have the larger modulus of elasticity. In our experiment, however, less dense sample B had a larger modulus of elasticity than denser sample C. Samples B and C in this study were porous zirconia; their different structural properties seem to have caused this seemingly paradoxical result. That is, sample C contains many open oblong pores. These open pores also lead to fractures, as shown in Fig. 3 . These facts may explain why sample C has little flexural strength and a low modulus of elasticity.
It has been reported that zirconia with a porosity of 10 to 20% has a modulus of elasticity 20 to 40% lower than dense zirconia 14) . The modulus of elasticity of sample B conformed with this, but that of sample C was about 50% of the dense sample, a considerable reduction as compared with sample B. In addition, one researcher reported that zirconia with a porosity of 26.5% has a flexural strength 30% or less (289 MPa) of that of dense zirconia 17) , and our results for sample B were near this figure. Although the values of sample C were lower, in terms of both flexural strength and modulus of elasticity, than those of sample B, this was probably because it was affected by the shape and size of the pores in addition to the absolute porosity.
The two types of porous zirconia showed lower values of Vickers hardness than dense zirconia. However, in our hardness tests, the indentations caused by the tester device inevitably fell on pores of the specimen, and therefore, the results of our hardness test should be taken as a reference value. Since the flexural strength of porous zirconia are inferior to those of dense zirconia, the porous material needs to be reinforced with dense zirconia when used for fabricating dental frames.
Layered specimens fabricated by veneering porcelain onto zirconia strips were subjected to bending tests. When the load was applied on the porcelain side of the layered specimen with the zirconia side downward, the layered specimens were less resistant to fracture than the non-layered specimens for all three samples: A, B and C. It is reported that when specimens are fabricated by layering porcelain onto alumina strips, they are almost as resistant to fracture as non-layered alumina specimens 18) . In the study where alumina strips were used, only the layered porcelain was reported to have fractured. In our study, however, both the zirconia and the porcelain fractured. In the study where alumina strips were used, the alumina strips were 1.0 mm thick, while the zirconia strips used in our experiment were only 0.6 mm thick, which might explain why our zirconia strips were easier to fracture. However, the difference in flexural strength between dense zirconia and porous zirconia for the porcelain layered zirconia specimens was less than that for the non-layered zirconia specimens, suggesting that the flexural strength of porous zirconia may be less affected when porcelain is layered to zirconia frames.
When the load was applied on the zirconia side of the layered specimen, the porcelain on the lower side of the specimen fractured in all the three samples: A, B and C, indicating no significant difference in resistance to fracture in this dimension. In the report where alumina strips were used, it was also the case that the porcelain on the lower side of the layered specimen fractured when the load was applied to the top (alumina) side 18) . Porous zirconia samples B and C had lower moduli of elasticity than dense zirconia sample A; thus it was supposed that they would be likely to deform when a load was applied. The reason that there was no difference in resistance to fracture among the three samples could be attributed to the fact that the porcelain was so well veneered to the zirconia strip that it was difficult to dislodge.
SEM observations of the sectional view of layered specimens showed porcelain impregnated into pores of the porous zirconia specimens. It is reported that the average particle size of dental porcelain fired to the frame is about 25 to 40 μm 19) . We found that samples B and C had pores which were larger than that porcelain particle size, and thus the porcelain could easily penetrate into the pores in the zirconia.
When the three samples were subjected to shear tests, the two porous zirconia samples had bonds more than 20% stronger than the dense zirconia sample. Under SEM observation, residual porcelain was found on some parts of the fracture surfaces of the dense zirconia specimens. The porous zirconia specimens retained residual porcelain across a wide area of the fracture surface, suggesting that the presence of pores helped improve the strength of the bond between porcelain and zirconia.
There are two contradictory types of reports concerning the effect of sandblasting on a zirconia surface: one says that sandblasting improves bond strength 20, 21) ; the other says that sandblasting does not affect bond strength 22, 23) . The reasons for these contradictory conclusions about sandblasting may to be: (1) different types and sizes of blasting particles or levels of injection pressure could have different effects on the zirconia surface; and (2) sandblasting would change some of the crystals on the zirconia surface from tetragonal to monoclinic 24) . In this study, the zirconia surface was not treated because our purpose was to examine the effect of pores on bond strength. This was also because there was no significant difference in bond strength observed between sandblasted zirconia and non-sandblasted zirconia, in an experiment using the same porcelain as was used in this study 20) and because our preliminary experiment also showed no great difference, whether or not specimens were sandblasted.
There was no significant difference between samples B and C in terms of bond strength. Given the physical properties and flexural strength of the samples in experiments 1 and 2, it seemed that sample B, with spherical pores, had a strong resistance to fracture. However, the flexural strength of sample B was 1/3 or less that of dense zirconia.
We made a completely-sintered, double-layered block consisting of both porous and dense zirconia on a trial basis, and fabricated a framework using CAD/ CAM. Then, we tried to veneer porcelain onto the frame to complete a crown. We found that we could use our trial zirconia block to fabricate frameworks, and could veneer porcelain onto that framework without problems, as is done with commercially available zirconia. In the future, we intend to study the usefulness of this porous structure by performing fracture tests of crowns or fixed partial dentures using a double-layered framework, and we will proceed to improve our new CAD/CAM material as necessary.
CONCLUSION
The two types of porous zirconia fabricated in this study allowed porcelain to bond to them strongly, although their flexural strength was far less than that of dense zirconia. Neither material was strong enough mechanically to serve as the frame of a crown or a fixed partial denture, so reinforcement with dense zirconia will be required.
